Abstract. A multi-environment sorghum variety trial comprised of nine genotypes along with one standard check, "yeju", was carried out in the main cropping seasons of the period of 2006-2008. The objective of this research was to identify a stable and betteryielding sorghum variety under the conditions of the sorghum-growing area of North Shewa, Ethiopia. The experiment was arranged in randomized complete block design replicated three times within an experiment. AMMI analysis based on grain yield data revealed that genotypes ICSV 1112BF, 82 LPYT-2 # 5x81ESIP 46, and PGRC/E #222880 were superior to the standard check both in grain yield and stability, and hence these genotypes have been verified, and the genotype PGRC/E #222880 has been registered by the national variety-releasing technical and standing committee by the given name "Chare" for commercial production for the North Shewa sorghum-growing areas.
Introduction
Sorghum (sorghum bicolor (L.) Moench) is an important cereal crop of the semi-arid areas of the tropics and sub-tropics, including Ethiopia, after wheat, rice, and maize with over 80% of the crop in Africa and Asia. It is also the major cereal crop in Ethiopia following tef and maize in terms of area coverage [1] . Sorghum has been produced in more than five million households and its annual production is estimated to be 4 million metric tons from nearly 2 million hectares of land [1] . Sorghum covers a significant amount of cultivated land following tef in the lowland areas of North Shewa Zone of Amhara region. As it is native to Ethiopia, it has remarkable genetic diversity as evidenced by many landrace collections
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made in the country. It is well adapted to a wide range of environmental conditions in semi-arid Africa [2] . It is mainly produced in medium and lowlands of Ethiopia. It withstands hot and dry condition better than most cultivated crops in Ethiopia. Sorghum is grown for its grain used as food and local beverages; nowadays, its stalk has also become an alternate source of animal feed as well as fuel. However, the average yield trends are downwards.
In North Shewa, sorghum is the primary crop cultivated especially in the lowlands. It contributes to food security at household level. Notwithstanding the immense potential uses of sorghum in Ethiopia in general and in North Shewa in particular, several biotic and abiotic factors inescapably induce an absolute reduction of grain yield of sorghum, and consequently the gap between demand and supply is still wide. In recent years, in North Shewa, despite a preferable, good yielding, late-maturing local landraces producing sorghum has become a risky business. Presumably coupled with climatic changes, the rainfall becomes unpredictable. Rainfalls occur infrequently and start late. In addition to this, anthracnose disease infestation is a major yield-reducing factor of sorghum production in North Shewa. Thus, it is indispensable to look for relatively early maturing, drought resistance, moderate to high anthracnose-disease resistance, and better adapting varieties which will give a reasonable yield relative to the pattern and distribution of rainfall. Therefore, sorghum variety trial was started with the objective of developing a stable, early maturing, anthracnose-disease resistant, and acceptable yielding ability sorghum variety under conditions existing in the North Shewa sorghum-growing area.
Materials and methods
Experimental design
Eight promising sorghum genotypes along with the standard check "yeju" were arranged in randomized block design with three replications. Local checks of the respective locality were included in the experiment; however, due to terminal drought stress, the local checks did not produce seed, and finally the local checks were excluded from the analysis. The experiment was conducted in the lowland area of Shewa Robit and Alem Ketema for three years -2006-2008 ( Table 1) . The experimental plots were fertilized with 100 kg/ha urea and 50 kg/ha DAP. All DAP and half of the urea were applied during planting, while the other half of UREA was added when the crop reached knee height. Seeds were drilled at the rate of 20 kg/ha in 75-cm spaced six rows, each of them being 5-m long. The agronomic practices were applied uniformly to all experimental plots as per the recommendation for sorghum. Data on days to heading, days to maturity, plant height, disease score, grain yield, and thousand-grain weight were recorded on plot basis. Combined analysis of variance was performed using the procedure outlined by Steel and Torrie [3] for each measured parameter using IRRISTAT for Windows ver. 5.0. [4] . The following model for the combined ANOVA was used:
where  the yield observation from the t th block, the j th location, k th year of m th genotype μ is the experimental grand mean, the random block effect; is the random location effect, the random year effect, is the fixed genotype effect, ( ) is the random location by year interaction, ( ) is the random genotypes by location interaction ( ) is the random genotypes by year interaction effect; ( ) is the random location, year and genotype interaction effect, and is the random experimental error.
Stability analysis
The GEI sum square was done using the Additive Main and Multiplicative Interaction /AMMI/ model, as described in Nachit et al., 1992 [5, 6] . The AMMI model takes the following equation:
where = is grain yield of variety g in environment (e), μ is the grand mean,  the variety mean deviations (the variety means minus the grand mean),  are the environment mean deviations (the environment mean minus the grand mean),  the eigenvalue of n th principal components analysis (PCA) axis n,  the variety eigenvector value for IPC axis n,  is the environment eigenvector value for IPC axis n,  is the random error.
Results and discussion
Analysis of variance
The results of the combined analysis of variance across locations and over years revealed that location, year, location by year, genotypes, location by genotypes, year by genotypes, and location by year by genotypes showed a significant effect, while rep and rep by location by year had no significant effect on grain yield ( Table 2 ). This shows the existence of GEI that affects the performance grain yield of the genotypes across location. GEI is the critical factor that discourages breeder and geneticist since it complicates the plant variety development programme for most crops to produce a stable variety across different seasons. Genotypes' mean agronomic performance is indicated in Table 3 .
The combined analysis of variance of three years' data of Shewa Robit and Alem Ketema indicates that the grain yield performances of promising genotypes are significantly affected by year, locations, and GEIs. And these data considered for this experiment deviate from the already accepted analysis of variance assumption that it is additive in nature. And the information that is drawn from this analysis may mislead our result conclusion. Therefore, selecting the best genotypes based on mean grain yield is not recommended for this experiment. Hence, it is mandatory to split the contribution of individual sorghum genotypes to create the total GEI effect. And similar research results have been reported for most crops under Ethiopian conditions as, for example, Muhe and Assefa (2011) for bread wheat [7] , Gedif and Yigzaw (2014) for potato [8] , Adugna et al. (2011) for finger millet [9] . This calls for the use of another model that fits the proper evaluation of the tested genotypes, and several methods are used to analyse GEI [10, 11, 12] . This is because Ethiopia has diverse environmental conditions in terms of altitude, soil type, and climate variabilities, and developing stable varieties with wider adaptability is a difficult task for the plant-breeding programme in Ethiopia.
The grain yield change that is observed among genotypes is due to GEI, and GEI effect has to be considered during analysis. Hence, this urges us to use a more reliable and accurate method of analysis to increase the success of developing a stable variety. Several methods have been developed to select genotypes with greater stability for different ranges of environments, which also helps to estimate their performance under similar scenarios [10, 11] . Among these, the additive main effects and multiplicative interaction (AMMI) model is the choice of most breeders to analyse GEI [13] . 
AMMI analysis
GEI is very essential to be considered in a variety development programme to increase the chances of getting a stable variety that can fit into different environments with comparably constant performance in grain yield and also help in identifying the genotype that performs best in a given locality, as GEI affects the performances of genotypes in different environments and seasons. Those genotype that are not affected by GEI will be adapted to a vast area of environment, while those genotypes that are highly affected by GEI will have inconstant performances in different environments. In most cases, in Ethiopia, it is very difficult to develop varieties with a wider adaptation range because of the diverse nature of the environments. Therefore, an area-specific variety development is required in Ethiopia.
GEI can be analysed using the AMMI method, which is the most commonly used one in stability and adaptability analyses since AMMI can check for model efficiency as well as data analysis accommodates the influences of each environment, which improves the accuracy of analysis results [13] . The model also describes the pattern of adaptation of genotypes in relation to the tested environments [14, 15] .
AMMI analysis of variance
The AMMI analysis of variance applied on sorghum genotypes for grain yield in six environments revealed that 85%, 4.61%, and 10.49% of the sum of squares were contributed by the environment, the genotype effects, and the GEI respectively ( Table 4) . It is clearly seen that the contribution of environmental variation to the sum of squares is considerable, and this means that the environment in which the experiment was undertaken is significantly different. In addition, the variation observed among genotypes for grain yield is largely due to environmental effects. Various authors also reported similar results for other sorghum genotypes tested at different locations and crop seasons [16, 17] . The AMMI analysis identified four principal component axes, and all contributed to 99.16% of the total variation observed among sorghum genotypes for grain yield due to GEI ( Table 3) . Of the four principal component axes, only AMMI Component 1 was significant at P < 0.01%. The first, second, third, and fourth interaction principal component (IPCA 1, IPCA 2, IPCA 3, and IPCA 4) axis explain 76.02%, 12.27%, 8.00%, and 2.87% respectively. Here, the AMMI model adequately explains the total GEI broken down into different components. The GEI components' values in this experiment using AMMI model are comparable with the reports from Nida et al. [16] and Adugna [17] .
Biplot analysis
The AMMI model was used to analyse Biplot graph ( Figure 1 ) using individual environments and mean grain yield performances of sorghum genotypes in XY plan. X-axis is designated for mean grain yield, while Y-axis for IPCA 1 scores. As indicated in Figure 1 , each environment and variety main effect was plotted along the abscissa against their respective IPCA1 score as ordinate. The red vertical line that crosses through the centre of the biplot is represented by the experimental grand mean of grain yield derived from all varieties and environments, while the red horizontal line shows the point where IPCA1 score = 0. Those genotypes and environments that fall on the right side of the grand mean value of grain yield are rated as high-yielding genotypes and potential growing environments, and the remaining ones which fall on the left side of the grand mean are low-yielding genotypes and low-potential environments for sorghum production. Genotypes and environments located at the same side of the IPCA axis are interacting positively and produce desirable effects. Therefore, in this study, genotypes V1, V2, V4, V6, and V8 gave grain yield above the mean and are considered high-yielding genotypes, while V3, V5, V7, and V9 gave below the mean and are considered as low-yielding genotypes. Environments A2, S1, and S2 are high-potential environments, while A1, A2, and S3 are poor-yielding environments. Genotype V6 is best suited to environments S2 and A2, genotypes V3, V5, V7, and V9 to environments A1, A3, and S3, genotypes V1, V2, V4, and V8 to environment S1. AMMI adjusted and re-ranked the grain yield of each genotype by their respective IPCA axis score and environmental IPCA axis scores and thereby brought about a significant change in the ranks of genotypes when we compare them with the mean from combined analysis.
Genotypes and environmental contribution to the GEI were measured based on the magnitude of the corresponding IPCA 1 score, which is measured as the perpendicular distance from the benchmark, IPCA 1 = 0. Generally, the more genotypes or environments deviate from the IPCA1 = axis, the more they would contribute to the GEI variances and the more unstable they would be. Genotypes and environments at the extreme top or bottom edge of the biplot - Figure 1 -are known to contribute more than their counterparts located closer to the IPCA1 axis = O [18] . Accordingly, genotypes V5, V6, and V8 had a very low contribution to the total GEI sum square, whereas their counterparts, V2, V3, V4, V7, and 'V9', highly contributed to the GEI sum square, suggesting that they are highly interactive with growing environments. AMMI2 biplot analysis using IPCA2 and IPCA1 is indicated in Figure 2 . De Oliveira et al. (2014) pointed out that the stability information that is drawn using AMMI2 biplot is more precise than AMMI1 biplot because AMMI2 model contains information from IPCA1 and IPCA2 [19] . In AMMI2 model, those genotypes which are close to the nearby environment will perform better in that specific environments than those genotype which are far away [19] . AMMI2 also quantifies stability using AMMI stability value (ASV). ASV is the distance from the vertex of IPCA 1 and IPCA 2 to the genotypes or environments that fall in the AMMI2 biplot graph. This value is finally used to measure the grain yield stability of the genotype and cluster the genotypes and environments into different groups [20, 21] . Genotypes or environments which are very close to the vertex are more stable than those genotypes or environments away from the vertex. In other words, genotypes or environments that have less value of ASV score tend to be more stable than those genotypes or environments having high ASV score. Therefore, environment A1 (Alem Ketema Site 1), A2 (Alem Ketema Site 2), and A3 (Alem Ketema Site 2) are more stable environments for sorghum production compared to S1 (Shewa Robit Site 1), S2 (Shewa Robit Site 2), and S3 (Shewa Robit Site 3). With regard to genotypes, genotypes V1, V2, V5, and V8 are more stable than the remaining genotypes; however, only genotypes V1 (ICSV 1112BF), V2 (82 LPYT-2 # 5x81ESIP 46), and V8 (PGRC/E #222880) are high-yielding ones (Figure 2 ). Then these genotypes were promoted for verification trial in 2009, and only genotype V8 (PGRC/E #222880) was released by the national releasing committee, while the remaining two genotypes were rejected by the committee because farmers had disliked these genotypes. Finally, genotype V8 (PGRC/E #222880) was registered by the given name "Chare" in 2009. Similarly improved varieties have been released using AMMI model in Ethiopia as, for example, finger millet [9] and bread wheat [7] .
Conclusions
GEI is an important factor for developing a stable variety that fits wider adaptation areas. In Ethiopia, GEI is vital for plant-breeding programmes where there is a diverse natural environmental, climatic and soil variability. In this study, nine promising genotypes were tested at Shewa Robit and Alem Ketema for three years to examine the grain yield performance and stability status of the genotypes and select the best genotype for variety release for commercial use. The combined analysis of variance is not appropriate for selecting a promising genotype to handle GEI. So, AMMI model is the most widely used technique to handle GEIs. In this experiment, AMMI Stability Value (ASV) and Biplot Analysis are effective and most appropriate tools to describe and identify stable and superior genotypes for most crops. In this experiment based on the AMMI analysis parameters, genotypes V1 (ICSV 1112BF), V2 (82 LPYT-2 # 5x81ESIP 46), and V8 (PGRC/E #222880) gave comparable yield in all the six different environments in North Shewa. And this genotype can be considered as stable in terms of grain yield performances and as well-adapted to the tested environments. However, genotype V8 (PGRC/E #222880) is therefore released to be used in North Shewa sorghum-growing areas and also for similar agroecological regions in Ethiopia.
